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Abstract
Temperatures at the soil–atmosphere interface influence ecosystem function by driving nonlinear
terrestrial biogeochemical, ecohydrological, and micrometeorological processes. Whilst climate,
soil and vegetation controls on spatially average ecosystem temperatures are recognised, how
interacting and heterogeneous ecosystem layers create spatio-temporal complex thermal
ecosystems has not been determined. Such thermal hot spots and hot moments may underpin the
capability of ecosystems to support biological and biogeochemical diversity and control the
likelihood of tipping points in system-regulating feedbacks being locally exceeded. This is of
notable importance in peatlands, where soil temperatures control the storage of their associated
globally important carbon stocks. Here, through the application of high spatio-temporal resolution
surface temperature data and peat thermal modelling, we assess the impact of system heterogeneity
(spatio-temporal impact of the following system layers: tree, shrubs, microtopography,
groundcover species and sub-surface ice) on surface temperature regimes. We show (a) that
peat-surface thermal hotspot intensity and longevity is linked to system heterogeneity and (b) that
not all system layers have an equal influence over the peat-surface thermal regime and extreme
temperatures; thermal heterogeneity increases up to a maximum of five layers of heterogeneity and
decreases thereafter. The results crucially demonstrate that such changes in the spatio-temporal
thermal dynamics and extremes may occur without significant changes in median temperatures.
This is important to the conceptual understanding of peatland responses and ecosystem resilience
to disturbance. It emphasises the need to determine the potential for transitions in magnitude,
longevity and locality of small-scale thermal extremes to induce functional transitions that
propagate through given ecosystems, and to characterise the impact of such small-scale
spatio-temporal complexity on ecosystem scale biogeochemical and ecohydrological function.
1. Introduction
The soil-surface is a critical interface, controlling
mass and energy exchange between terrestrial ecosys-
tems and the atmosphere. Dynamic, spatially com-
plex soil-surface temperatures regulate the rates of
such interface exchanges, governing processes such as
carbon storage and release (Kirschbaum1995, Lafleur
et al 2005, Taggart et al 2011, Juszczak et al 2013,
Johnstone et al 2016), water fluxes (Delucia 1986),
species competition (Brand 1990), metabolic process
rates (Dijkstra et al 2011) and biogeochemical cyc-
ling (Frei et al 2012). Surface temperatures also influ-
ence processes at depth by driving the thermal regime
of the soil profile (Wullschleger et al 1991, Kettridge
et al 2013). This control of systemprocesses by surface
temperature is of notable importance within peatland
ecosystems where complex peat-surfaces, which are
© 2021 The Author(s). Published by IOP Publishing Ltd
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impacted extensively by varying disturbance regimes
(Turetsky et al 2002), act to regulate deeper stores of
organic carbon (Belyea and Clymo 2001, Belyea and
Baird 2006) that account for one-third of the global
soil carbon pool (Turunen et al 2002).
Despite a past focus on point measurements
(Kellner 2001, Kellner and Halldin 2002, Lafleur et al
2005, Kettridge and Baird 2007, Mckenzie et al 2007a,
Kettridge et al 2012), peatland surface temperatures
are rarely uniform. Peat-surface temperatures can
vary by over 25 ◦C at the decimetre scale in undis-
turbed, forested conditions (Leonard et al 2018). This
complex thermal signature emerges from interactions
between the meteorological regime, energy intercep-
tion by vegetation (Hardy et al 2004, Leonard et al
2018), and the organisation of geomorphological,
hydrological (Al-Kayssi 2002, Folwell et al 2015),
thermal (Peters-Lidard et al 1998) and aerodynamic
(Green et al 1984) properties. The total structural
complexity of a peatland atmosphere interface may
be conceptualised as vertical (variability in structure
across a vertical space) and horizontal heterogen-
eity (variability across each layer found in the ver-
tical space (Kelliher et al 1993, Filotas et al 2014)).
For example, the vertical layers of a peatland with
tree cover comprises of: (a) tree layer, (b) a vascular
sub canopy of ericaceous shrubs, (c) a moss ground-
cover (of Sphagnum mosses, true mosses, lichen and
patches of bare peat (d) microtopography and some-
times (e) ice layers. Each of these vertical layers var-
ies in space within each layers’ horizontal plane.
The peat surface temperature is the sum of complic-
ated small-scale, spatio-temporal interactions across
and between its horizontal and vertical layers. For
example, vascular species such as trees and shrubs
influence the energy available at lower system layers.
The distinctive micro-topography of hummocks and
hollows found in peatlands (Sjörs 1961, Foster et al
1983) can induce surface temperature variations of
up to 13 ◦C between north-facing and south-facing
hummock slopes less than a meter apart. This variab-
ility is primarily a result of sun angle and direct short-
wave radiation input (Kettridge and Baird 2010), but
micro-topography is also intrinsically linked to water
table depths and soil moisture which further modify
peat temperatures (Kettridge and Baird 2008). Peat
ground-cover also has an important influence over
peat-surface (Kettridge and Baird 2010) temperatures
(Soudzilovskaia et al 2013), with 20 ◦C temperature
variations observed between neighbouring patches of
Pleaurozium schreberi and Sphagnum fuscum (Stoy
et al 2012). Processes inducing such temperature dif-
ferences between ground-cover types include large
differences in surface albedo (Stoy et al 2012) and
evaporative cooling (Brown et al 2010, Blok et al
2011). Vegetation may control evaporative cooling
through functional differences in their ability to meet
evaporative demand. For example, Sphagnum species
can accesswater fromdepth bymeans of capillary rise,
unlike feathermosses, leading to differences in surface
resistance to evaporation between species (Mccarter
and Price 2014, Leonard et al 2017). Subsurface het-
erogeneitymay also influence surface thermal regimes
when seasonally frozen, uneven ice thawing results in
the presence of frozen peat and frost-free peat patches
well into the growing season (Petrone et al 2008).
With the spatial variations in peatland surface tem-
peratures similar inmagnitude to diurnal fluctuations
(Leonard et al 2018), understanding the variation in
the thermal response of peatlands to climatic shifts or
more localised disturbance is likely as important as
determining the average system behaviour.
Whilst both the complex spatio-temporal distri-
bution in peat surface temperatures and the processes
that induce them have been highlighted above, the
magnitude of the impact of individual layers of het-
erogeneity (defined as: ecosystem components that
may exert a spatio-temporally uneven influence over
the soil surface thermal regime at the decimetre scale)
and their interactions on system thermal complexity
is largely unknown. This is likely due to limitations
in temperature measurement at the scale of interest
(decimetre) until recently (Leonard et al 2018). The
extent to which combinations of layers induce hot-
spots or hot moments of varying intensity and
longevity, that may induce thermally complex eco-
systems that can support biological and biogeochem-
ical diversity or exceed localised tipping points, is
not known. It is further unclear how thermal hetero-
geneity develops from, or can be maximised within,
structurally homogenous peatland landscapes, such
as within disturbed peatlands, e.g. after fire or har-
vested peatlands (Turetsky et al 2002).
Due to the number of structural layers and,
therefore, the number of ecosystem permutations
required, measurement of the impact of each struc-
ture and its interaction at a high spatio-temporal res-
olution can only be determined through numerical
modelling. Structural components can be isolated to
quantify their individual impact and the impact of
their interactions. We simulate the spatio-temporal
thermal regime of peatlands using a peatland thermal
model that offers the opportunity not only to pre-
dict mean peat-surface temperatures but the thermal
complexity in space and time (BETA+; Kettridge et al
2013).
The thermal model offers the potential to address
our core aim, that is, to determine the influence both
of individual layers of heterogeneity (subsurface ice-
layers, ground-cover vegetation, microtopography,
tree, and sub-canopy vascular cover) on surface tem-
perature distributions, and how different combina-
tions of these layers influence peat-surface temper-
ature patterns. We test the conceptual understanding
proposed by Leonard et al (2018) that individual lay-
ers of system heterogeneity, alone, create sustained
heterogeneity in the peat thermal regime, producing
sustained hotspots at the peat surface. However, when
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multiple layers of heterogeneity are stacked, hetero-
geneity in the thermal regime is reduced because
the combined effect of layers results in short-lived
low intensity events. To achieve this aim the model
is first parameterised and evaluated utilising high
spatio-temporal peat temperature measurements of
Leonard et al (2018). This novel evaluation using such
a high spatio-temporal data sets also identifies model
strengths and weaknesses, providing focus to future
model development to further our ability to predict
the resilience of such heterogeneous and globally sig-
nificant systems.
2. Study site
Empirical data was collected from a poor fen
(peat-depth ⩾ 3 m) in central Alberta, Canada
(55.81◦ N, 115.11◦ W). The site has poor tree cover
of Picea mariana with a basal area of 11 m2 ha−1,
and an average height of 2.3 m (Kettridge et al
2012), which is characteristic of boreal plains
peatlands (Wieder et al 2009). The vascular sub-
canopy includesRhododendron groenlandicum, Rubus
chamaemorus, Chamaedaphne calyculata, Maian-
themum trifolia, Oxycoccus microcarpus, Vaccinium
vitus-idea and Eriophorum spp. Ground-cover con-
sists of a mosaic of S. fuscum (43%), P. schreberi
(9%), Cladina sp., Cladonia sp. (11%) and bare
peat (26%) (see figure SI-1 (available online at
stacks.iop.org/ERL/16/024002/mmedia)), the com-
bination of which gives the peatland its charac-
teristic, patterned (Sjörs 1961, Foster et al 1983),
hummock-hollow features that vary in height by
up to 0.4 m within the measurement area, which is
consistent with other accounts (Lewis and Dowding
1926). Typically peat freezes each winter, and ice
remains until late June or July, or later depend-
ing on water levels and winter weather (Petrone
et al 2008). Mean ice depth during the study period
was 209 mm.
3. Methods
3.1. Soil temperature data collection
Soil-surface temperature data was collected using
a Silixa Ltd XT fiber-optic distributed temperature
sensing (FO-DTS) system buried at 0.02 m depth
in the formation of 11 rows spaced 1 m apart in a
10× 10mplot. The cable was buried 5 d in advance of
data collection to allow for system settling. Temper-
atures were measured at 0.25 m spatial (along cable
length) and 1 min temporal intervals between 06:30
and 20:30 for each measurement day. Temperatures
were recorded between 21 May and 3 June 2015 and
consist of 4 d of undisturbed conditions, 1 d of trees
removed conditions (felled) and 1 d of all vascular
vegetation removed (cleared) conditions. Two 10 m
lengths of cable were buried outside the plot and
remained undisturbed throughout the measurement
period as a control. All treatments were applied by
hand, using boardwalk between measurement rows,
ensuring minimal disturbance to measurement loca-
tions. For additional information and photos of the
experimental set-up and data-collection methods the
reader is directed to (Leonard et al 2018) and asso-
ciated supplemental material. Standard meteorolo-
gical data were collected from a 10 m tower approx.
350 m from the plot throughout the measurement
period. Weather conditions during the experiment
periods were characterized by hot, dry, largely cloud-
free conditions, withmaximum air temperatures ran-
ging from 25 ◦C to 28 ◦C (tables S1-5). No rain fell
during the experimental period, except on 31 May
and 1 June, between the felled and cleared treatment
periods, a small rain event of 13 mm was recor-
ded. Rain-free periods and high surface temperatures
subsequently resumed prior to the cleared temperat-
ure measurements. At the start of the measurement
period, soil moisture (measured using a ML3 Theta
probe), the dominant ground cover type (Cladina sp.,
P schreberi, S fuscum, Bare ground; visual identific-
ation) and ice depth (measured using a steel rod)
at each measurement and simulation location (0.25
intervals along the length of the FO-DTS cable) were
recorded. At the end of the measurement period
the tree locations, and photos of crown heights and
shapes were recorded (further information may be
found in S1-1).
3.2. BETA+model design, parameterisation and
evaluation
BETA+ (see S1 for further details) is a finite dif-
ference Fourier based model that simulates the 1D
thermal behaviour through numerous vertical peat
profiles discretised at 0.01 m intervals. The thermal
properties of each node are determined based on
the peat bulk density and volumetric water content.
Volumetric water contents were calculated from the
van Genuchten equation, with pore water retention
determined from the measured water table depth
assuming hydrostatic equilibrium through the peat
profile. The volumetric heat capacity was calculated
by summing soil constituents multiplied by their
respective heat capacities. The impact of ice melt was
represented by an increased volumetric heat capacity
during periods of melt (see Mckenzie et al 2007a).
The thermal conductivity was calculated according
to Farouki (1986). Horizontal energy exchange was
excluded within the model simulations. Each 1D soil
profile was simulated independently of the other.
Whilst such horizontal energy exchanges can influ-
ence soil temperatures deeper within the soil pro-
file, notably within hummock centres (Kettridge and
Baird 2010), the impact on this energy exchanges on
near surface peat temperatures simulated here are
considered small and were therefore excluded from
model simulations for simplicity. Water table depth
and soil temperature were measured by a pressure
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transducer throughout the simulation period and
applied to set the water table position and the lower
boundary temperature of the model. The water table
depth varies amongst soil profiles (by up to 0.41 m)
due to the surface micro topography of the simula-
tion plot. Initial peat near-surface temperatures were
defined from measured temperatures across the sim-
ulation areas at 06:30, at a depth of 0.02 m. Peat pro-
file initial conditions were set using a cubic spline
interpolation frommeasured soil temperatures at the
beginning of the simulation period.
The surface boundary of BETA+ was driven by
standardmeteorological data used to calculate the net
short and longwave radiation, sensible and latent heat
fluxes. Short and long wave radiation were calculated
using a spatially explicit 3D radiation model. Trees
within the measurement plot were photographed,
and their structures represented as collections of
voxels (SI-1). Trees were placed within the 3D land-
scape and the direct and diffuse shortwave radiation
(through time) and sky view factor (constant) at the
surface of each peat profilewere determined following
an approach similar to that presented by Essery et al
(2008). The net longwave radiation was calculated
in accordance with Stefan–Boltzmann and Beer’s law
(Aber and Melillo 1991) applying the predetermined
sky view factor. Additionally, the model accounts for
the influence of micro-topography by incorporating
the effect of measured variations in elevation, slope,
aspect and shading of the peat surface on the short
and long wave radiation balance (Kettridge and Baird
2010). Ice depth measurements were used to inform
the spatially varying depth of increased volumetric
heat capacity during periods of melt. Latent heat was
calculated according to the Penman–Monteith model
and sensible heat was calculated according to New-
ton’s law of cooling.
Model performance was evaluated by numeric-
ally replicating the experimental setup of the soil
temperature data collection, with vegetation layers
removed in the same sequence and at the same time
(trees removed (felled) then all other vascular veget-
ation removed (cleared)). The evaluation simula-
tions replicate the experimental design and order.
These results are treated separately from the scenarios
modelled below.
3.3. Model simulation design
Eighty scenarios were simulated, using meteorolo-
gical data between 06:30 and 20:30 on 24 May (a pre-
dominantly cloud free day with air temperature ran-
ging from 4.7 ◦C to 28.2 ◦C). Scenarios comprised all
permutations of the following options: trees (on/off),
shrubs (on/off), microtopography (on/off), surface-
cover (on/off), ice cover (on/off), initial surface tem-
perature (on/off). Trees ‘on’ use spatio-temporally
varying solar radiation inputs at the ground surface,
as calculated from tree shape, size and location and
solar position (described in S1-1). When trees were
‘off ’, the mean value for solar radiation was used.
When shrubs were ‘on’, LAI was assigned from a
measured distribution of LAI values obtained at the
study site. When shrubs were off, the mean LAI was
used. When microtopography was set to off, the sur-
face was represented as one flat surface set at the
mean height above water table. When microtopo-
graphy was set to ‘on’, it was represented as a spatially
variable surface as measured. Surface-cover was sim-
ulated using either a median surface resistance value
(median rs, see S1-1) or a surface resistance value
selected from a log normal distribution (log-normal
distribution rs) of surface resistance values obtained
for each ground-cover type (SI-1). The median sur-
face resistance values allow for a comparison of the
influence of heterogeneity associated with differences
in surface resistance observed between different sur-
face covers to be assessed. Selecting surface resistance
from a log distribution assesses the additional het-
erogeneity of within ground cover variability in sur-
face resistance. When surface-cover was set to ‘off ’,
uniform ground-cover was simulated for each of the
following conditions; S fuscum (median rs), S fuscum
(log normal distribution rs), P schreberi (median rs),
P schreberi (log normal distribution rs), bare ground
(median rs), bare ground (log normal distribution
rs), Cladina sp. (Median rs), Cladina sp. (log nor-
mal distribution rs). When surface-cover was set to
‘On’, the ground-cover was simulated with the spe-
cies that were present in each measurement location,
a mosaic of S fuscum (43%), P schreberi (9%), Clad-
ina sp., (11%) and bare peat (26%) for a median and
log-normal rs. Ice cover was simulated as the aver-
age observed depth to ice (off) and observed depth
to ice at each measurement location (on). Initial sur-
face temperatures were set by either observed surface
temperatures (on) or average of the observed surface
temperatures (off). Data was simulated for a depth
of 0.02 m below the peat surface. The model outputs
the temperature for each spatial location at 10 min
intervals.
3.4. Analysis
Due to the dynamic non-uniform nature of peat-
surface temperatures, we used empirical orthogonal
functions (EOFs) to provide a compact representa-
tion of the intricate and complex data (Rajic 2002)
by spatially representing the variance of a dataset.
EOF analysis was undertaken in R, using the func-
tion ‘eof ’ from R package ‘Spacetime’, version 1.2-2
(Pebesma 2012). Each EOF represents a proportion
of the dataset’s variance with the first EOF repres-
enting the largest proportion of the total variance.
This means that the first few EOFs provide insight
into most of the variability within a dataset (Dawson
2016). Spearman rank correlation analysis (rho) was
applied to compare spatial patterning of the EOFs.
A single daily hotspot value (∆T ◦C) was calcu-
lated for each scenario by subtracting the plot mean
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temperature (figure SI-3) from the greatest mean
temperature value at a single location (figure SI-4).
4. Results
4.1. Model evaluation
Change in spatial patterning ofmodelled near-surface
temperatures between treatments is a similar, but
subdued representation of measured temperatures
(figure 1 and table 1). The variance explained by the
components of the EOF (1–3) are consistent between
bothmodelled andmeasured data in the undisturbed
plot, and effectively represent the observed shifts in
response to disturbances. The anomalies demonstrate
a consistent and more uniform response in EOF1
compared to EOF2 and 3 for all treatments. EOF2
and 3 demonstrate more polarised responses, at sim-
ilar spatial scales. The greatest decrease in rho (which
indicates the greatest shift in spatial patterning) is
observed both in modelled and measured data sets
when undisturbed and felled conditions are com-
pared (average decrease in rho value of 0.35 and 0.23
for measured and modelled respectively). A further,
much smaller, decrease is observed in both mod-
elled and measured temperatures when felled and
cleared scenarios are compared (average decrease in
rho values is 0.09 and 0.07 formeasured andmodelled
respectively).
Model simulations regularly overestimate peat
surface temperatures under all treatment conditions
between 06:30 and 08:30 (figure SI-2). Under undis-
turbed conditions the model underestimates surface
temperatures between 09:30 and 17:30. All model
scenarios show best alignment with measured data
between 17:30 and 19:30. Cleared conditions show
better replication of the median and quartile data,
although the first and fourth quartile data underes-
timate the observed range. High extreme temperat-
ures are best replicated at the start and end of each
measurement period but are conservative during the
daytime peak in median temperatures (figure SI-2)
under felled and cleared conditions.
4.2. Increasing the layers of heterogeneity increases
the hotspot intensity up to five layers of system
heterogeneity
Spatially variable tree, shrub, S. fuscum and mixed
ground-cover layers significantly decreased the sim-
ulated median temperatures, but spatially variable
microtopography, ice layer, species mixture, initial
surface temperatures and surface resistances had
no significant effect (figures 2, 3 and tables SI-7,
SI-8). All layers apart from ice and species mix-
ture had a significant impact on hotspots, with
the presence of trees decreasing hotspot extremes,
while spatially variable representation of shrubs,
microtopography, groundcover species and initial
surface temperatures increased hotspot extremes.
Surface resistance values drawn from a log-normal
distribution increased hotspot extremes relative to
simulations using median surface resistance values.
All spatially variable layers apart from shrubs, ice and
initial surface temperatures showed significant dif-
ferences in spatio-temporal distribution of surface
temperatures.
Peat surface hotspots are zero when the system
is homogeneous, i.e. simulations without tree cover,
no shrub cover, no microtopography, with no vari-
ation in ground-cover species (single species cover),
uniform depth to ice, uniform initial surface temper-
atures and fixed surface resistance values (figure 3).
Increasing the layers of heterogeneity increases the
hotspot intensity up to five layers of system het-
erogeneity. The most extreme hotspot intensity is
observed (figure 3) with all the following present:
shrubs (on), microtopography (on), S. fuscum only
ground-cover, spatially explicit ice depths and start-
ing surface temperatures, and a log-normal distribu-
tion of resistance. On average, as the total number of
layers of heterogeneity included increases above five,
the hotspot intensity decreases (figure 3). The signi-
ficant changes in simulated hotspots may be due to
either changes in themean temperatures (figure SI-4),
as a result of changes in shading and incidents of dir-
ect radiation reaching the ground surface or changes
in maximum temperatures (figure SI-3) as a result of
variations in slope and aspect, and/or both.
5. Discussion
5.1. Model evaluation
BETA+ is representing the spatio-temporal peat-
surface temperature dynamics, replicating observed
changes in spatial patterning of EOF1 between
undisturbed, felled and cleared conditions (figure 1,
table 1). Although the simulated EOF extremes are
lower thanmeasured, this likely reflects the conservat-
ive extreme values simulated by the model compared
to themeasured data (figures 1 and SI-2). Further, the
decrease in average rho values between undisturbed
and felled is also well replicated by the model when
cleared. However, greater variation in spatial pattern-
ing (rho (r)) of EOF1 is observed within simulated
than observed undisturbed temperatures (range of
1–0.74 compared to 1–0.94; table 1). This may result
from variations in the cable burial depth (±1.5 cm).
Cable buried deeper will be consistently cooler and
cable buried shallower consistently warmer during
the simulated daytime growing season temperatures.
Any such bias in the measured peat temperatures
will impact the ranking of values in the spearman
rank correlation analysis, providing stronger correl-
ations between the patterns in EOF1 derived from
measured undisturbed data (table 1). Themodel does
not account for the overnight soil moisture recharge
processes such as fog, dew deposition and distilla-
tion (Carleton and Dunham 2003), and capillary rise
(Yazaki et al 2006, Admiral and Lafleur 2007) which
5
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Figure 1. The first three empirical orthogonal functions (EOF’s: dimensionless) and associated variance explained (% figure
above each image in figure) for measured and simulated data derived from hourly mean temperature. Measured temperatures
were taken at 0.02 m depth between 21 May and 3 June 2015 and consist of 4 d of undisturbed conditions, 1 d of trees removed
conditions (felled) and 1 d of all vascular vegetation removed (cleared) conditions.
6
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Table 1. Spearman’s rank correlation coefficient (rho) comparing the spatial patterns of EOF1 between undisturbed and treatment
conditions for measured data and simulated data. Measured temperatures were taken at 0.02 m depth between 21 May and 3 June 2015
and consist of 4 d of undisturbed conditions, 1 d of trees removed conditions (felled) and 1 d of all vascular vegetation removed
(cleared) conditions. Measured data is compared with measured data from undisturbed days. Simulated data is compared with









Measured data Undisturbed 21 May 2015 1.00 0.96 0.96 0.97
Undisturbed 22 May 2015 0.96 1.00 0.96 0.94
Undisturbed 24 May 2015 0.96 0.96 1.00 0.96
Undisturbed 26 May 2015 0.97 0.94 0.96 1.00
Felled 30 May 2015 0.58 0.60 0.67 0.63
Cleared 03 May 2015 0.49 0.49 0.60 0.56
Simulated data Undisturbed 21 May 2015 1.00 0.74 0.78 0.77
Undisturbed 22 May 2015 0.74 1.00 0.87 0.79
Undisturbed 24 May 2015 0.78 0.87 1.00 0.88
Undisturbed 26 May 2015 0.77 0.79 0.88 1.00
Felled 30 May 2015 0.60 0.60 0.69 0.56
Cleared 03 June 2015 0.49 0.53 0.65 0.51
results in an overestimation in themorning temperat-
ures. Dew was also observed to freeze the peat surface
to ∼1 cm depth and remain frozen during the start
of some measurement days. Recharge and surface
freezing processes are not captured by the model and
are the likely source of poor correlation between the
measured and simulated temperatures early in the day
(figure SI-2). Lower daytime temperatures simulated
by the model compared to measured temperatures
may in part result from the model not adequately
representing aerodynamic properties. Aerodynamic
resistance is assumed to be constant for all treat-
ment conditions (calculated according to Kettridge
et al 2013). However, vegetation height influences soil
temperatures (Green et al 1984, Kelliher et al 1993)
through increasing aerodynamic resistance (Kettridge
et al 2013). Despite these limitations, and the evalu-
ation of the model over a period of a few days due to
the spatial intensive nature of the evaluation data set,
the model replicates changes in spatial variance with
treatment similar in extent to the observed peatland,
allowing confident determination that themodel rep-
licates observed shifts in peatland thermal dynamics.
Therefore, this model for the first time, allows confid-
ent separation of individual system structural com-
ponents on highly variable spatio-temporal near sur-
face soil temperatures.
5.2. Influence of heterogeneity on surface thermal
regime and system functioning
Simulations broadly support the hypothesis of
Leonard et al (2018) that peat surface hotspot intens-
ity is linked to ecosystem heterogeneity (figure 2).
However, maximum hotspots are observed when five
layers of heterogeneity are present (figure 2) rather
than one as previously hypothesised. The 9.1 ◦C
range in hotspot temperature when five layers are
present suggests that not all system layers of het-
erogeneity have an equal influence. The hypothesis
that the maximum hotspots are observed only when
one layer of heterogeneity is present (Leonard et al
2018) is likely true if all layers have equal influence
over the thermal regime and the heterogeneity of
each layer is independent from the next. However,
co-dependence in the observed system layers is likely
(e.g. between trees and sub-canopy vascular species as
they compete for resources such as light) resulting in
layers of heterogeneity with varying influences over
system hotspots. Ice depth variation and ground-
cover type are the only layers that do not significantly
influence peat surface hotspots (figure 2 and tables
SI-7, SI-8). As a result, the increased heterogeneity
of the system magnifies the intensity of hotspots
through the additive effects of the different elements
over one another. A reduction in hotspot intensity
where layers counter each other’s effects is only evid-
ent in very complexity multilayer systems, and thus
likely inmature fully diverse peatland ecosystem. This
should be consisted in the management and restora-
tion of peatlands. In restoration of degraded systems
or formation of new systems, building different lay-
ers of heterogeneity support the thermal diversity and
potential wider ecosystem diversity. But also, disturb-
ance of mature systems that removes such complexity
will likely increase uniformity of the thermal sys-
tems and potentially of wider associated ecosystem
characteristics.
Peatland system functioning is a balance of spa-
tially varying process feedbacks that include; hydro-
logical processes, ecological succession and compet-
ition, productivity and decomposition (Waddington
et al 2015) Critically, results show that changes in
the spatio-temporal dynamics may occur, poten-
tially inducing an overall shift in system function-
ing, without a significant change in median tem-
perature (figure 2 and tables SI-7, SI-8). Notably,
this is observed to occur in response to the addi-
tion of microtopography, the inclusion of mixed
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Figure 2. Each of the three tiles contain data relating to the daily median temperature (◦C), daily hotspots (∆T ◦C) and changes
in spatial distributions (rho (r) values closest to one show least change from the undisturbed system). Each component on the
x-axis represents data from all scenarios, with the different colours representing the presence/absence/type of layer heterogeneity
tested. (a) Trees (data from all scenarios with trees on vs data from all scenarios with trees off), (b) shrubs (data from all scenarios
with shrubs on vs data from all scenarios with shrubs off), (c) micro-topography (data from all scenarios with micro-topography on vs
data from all scenarios with microtopography off), (d) mixed species (data from all scenarios with mixed ground-cover on vs data
from all scenarios with single species ground-cover), (e) species (data from all scenarios comparing each ground-cover type), (f) ice
(data from all scenarios with ice on vs data from all scenarios with ice off) (g) initial surface temperature (observed surface
temperatures (on) vs average of the observed surface temperatures (off) and (h) resistance (data from all scenarios with log-normal
distribution of surface resistances (rs) vs data from all scenarios with fixed value surface resistances (rs)). Boxplots represent the
median, 25th and 75th percentile (whiskers: smallest and largest observed value that’s less than or equal to the lower/upper hinge
±1.5× IQR). Asterisks denote significant differences between each layer option, calculated using Wilcoxon rank sum test (∗ = <0.05,
∗∗ = <0.005, ∗∗∗ = <0.0005; table SI-6).
species and as a result of within species variability
in surface resistances. Differences in the drivers of
such peat-surface thermal patterning and dynamics
occur between different peatland systems but may
also vary in time as result from a range of disturb-
ances within a peatland that impact the layers of
heterogeneity discussed. These may include anthro-
pogenic disturbances (such as felling, exploitation
for energy etc), biological disturbances (e.g. insect
infestations or plant disease) and climate driven dis-
turbances (increased fire frequency, shifts in spe-
cies distributions and composition, water availabil-
ity, extreme weather events etc). Such disturbances
will shift rates and locations of thermally driven
processes such as productivity, species competition,
decomposition, and evapotranspiration. As a res-
ult, the system is placed under a heterogeneous
stress because hotspots have shifted locations and
may have dis-proportionate effects on system pro-
cess rates (Johnstone et al 2016). Locations where
inherent resilience to increased peat surface temper-
atures had developed, e.g. microbial acclimation to
elevated temperatures (Bradford et al 2008, Kaiser
et al 2014), no longer align with the new peat-
surface temperature signature. If spatial changes res-
ult in process rates that breech thresholds and tip-
ping points, they could irreversibly shift the balance
of key system feedbacks (Rietkerk and van de Kop-
pel 2008, Belyea 2009, Waddington et al 2015) and
cause major shifts in system functioning (Johnstone
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Figure 3. Each tile shows hotspots values (∆T ◦C) of all simulations (at depth 0.02 m), with the different colours representing
each tested component of the system (a) trees (data from all scenarios with trees on vs data from all scenarios with trees off), (b)
shrubs (data from all scenarios with shrubs on vs data from all scenarios with shrubs off), (c) micro-topography (data from all
scenarios with micro-topography on vs data from all scenarios with microtopography off), (d) mixed species (data from all scenarios
with mixed ground-cover on vs data from all scenarios with single species ground-cover), (e) species (data from all scenarios
comparing each ground-cover type), (f) ice (data from all scenarios with ice on vs data from all scenarios with ice off) (g) initial
surface temperature (observed surface temperatures (on) vs average of the observed surface temperatures (off) and (h) resistance
(data from all scenarios with log-normal distribution of surface resistances (rs) vs data from all scenarios with fixed value surface
resistances (rs)). System heterogeneity is defined as the number of spatially varying system components included in the model.
et al 2016, Schneider and Kefi 2016, Génin et al
2018).
6. Conclusion
Our results clearly show changes in spatial distribu-
tions of temperatures both with and without changes
in median values. Models used to predict changes to
system functioning rarely consider the heterogeneous
nature or interactions of disturbances on systems
where significant changes in the average values of
process drivers are observed, let alone heterogeneous
shifts where no significant changes in average pro-
cess drivers are observed. To fully understand system
functioning and its response to disturbance, a more
comprehensive understanding of spatio-temporal
responses to heterogeneous stresses is recommended.
Researchers should consider the spatio-temporally
heterogeneous nature of any disturbance and the
likely impact of this on the spatio-temporal dynam-
ics of balanced system feedback mechanisms.
Data availability statement
All data that support the findings of this study are
included within the article (and any supplementary
files).
Acknowledgments
Financial support was provided by aNatural Environ-
ment Research Council studentship funding (Grant
Number NE/L501712/1), Syncrude Canada Ltd and
Canadian Natural Resources Ltd (SCL4600100599 to
KJD) and Natural Sciences and Engineering Research
Council (NSERC-CRD CRDPJ477235-14 to KJD).
We also thank Dr Thomas Pugh, Professor Fred
9
Environ. Res. Lett. 16 (2021) 024002 R Leonard et al
Worrall and three anonymous reviewers for their






K J Devito https://orcid.org/0000-0002-8216-0985









Aber J D and Melillo J M 1991 Terrestrial ecosystems. Saunders
College Publishing, Philadelphia
Admiral S W and Lafleur P M 2007 Partitioning of latent heat flux
at a northern peatland Aquat. Bot. 86 107–16
Al-Kayssi A W 2002 Spatial variability of soil temperature under
greenhouse conditions Renew. Energy 27 453–62
Belyea L R 2009 Nonlinear dynamics of peatlands and potential
feedbacks on the climate system Carbon Cycling in Northern
Peatlands ed A J Baird, L R Belyea, X Comas, A S Reeve and
L D Slater (Washington, DC: American Geophysical Union)
pp 5–18
Belyea L R and Baird A J 2006 Beyond ‘the limits to peat bog
growth’: cross-scale feedback in peatland development Ecol.
Monogr. 76 299–322
Belyea L R and Clymo R S 2001 Feedback control of the rate of
peat formation Proc. Biol. Sci. 268 1315–21
Blok D, Heijmans MM P D, Schaepman-Strub G, Van ruijven J,
Parmentier F J W, Maximov T C and Berendse F 2011 The
cooling capacity of mosses: controls on water and energy
fluxes in a Siberian tundra site Ecosystems 14 1055–65
Bradford M A et al 2008 Thermal adaptation of soil microbial
respiration to elevated temperature Ecol. Lett. 11 1316–27
Brand D G 1990 Growth analysis of responses by planted white
pine and white spruce to changes in soil temperature,
fertility, and brush competition For. Ecol. Manage.
30 125–38
Brown S M, Petrone R M, Mendoza C and Devito K J 2010
Surface vegetation controls on evapotranspiration from a
sub-humid Western Boreal Plain wetland Hydrol. Process.
24 1072–85
Carleton T J and Dunham KMM 2003 Distillation in a boreal
mossy forest floor Can. J. For. Res. 33 663–71
Dawson A 2016 eofs: a library for EOF analysis of meteorological,
oceanographic, and climate data J. Open Res. Softw. 4 4–7
Delucia E H 1986 Effect of low root temperature on net
photosynthesis, stomatal conductance and carbohydrate
concentration in Engelmann spruce (Picea engelmannii
Parry ex Engelm.) seedlings Tree Physiol. 2 143–54
Dijkstra P, Thomas S C, Heinrich P L, Koch GW, Schwartz E and
Hungate B A 2011 Effect of temperature on metabolic
activity of intact microbial communities: evidence for
altered metabolic pathway activity but not for increased
maintenance respiration and reduced carbon use efficiency
Soil Biol. Biochem. 43 2023–31
Essery R et al 2008 Radiative transfer modeling of a coniferous
canopy characterized by airborne remote sensing J.
Hydrometeorol. 9 228–41
Farouki O 1986 Thermal Properties of Soils, Series on Rock and
Soil Mechanics, Volume 11. Trans Tech Publications,
Clausthal-Zellerfeld, Germany
Filotas E et al 2014 Viewing forests through the lens of complex
systems science Ecosphere 5 art1
Folwell S S, Harris P P and Taylor C M 2015 Large-scale surface
responses during European dry spells diagnosed from land
surface temperature J. Hydrometeorol. 17 975–93
Foster D R, King G A, Glaser P H and Wright H E Jr 1983 Origin
of string patterns in boreal peatlands Nature 306 256
Frei S, Knorr K H, Peiffer S and Fleckenstein J H 2012 Surface
micro-topography causes hot spots of biogeochemical
activity in wetland systems: a virtual modeling experiment J.
Geophys. Res. Biogeosci. 117 1–18
Génin A et al 2018 Spatially heterogeneous stressors can alter the
performance of indicators of regime shifts Ecol. Indic. 94
520–33
Green F HW, Harding R J and Oliver H R 1984 The relationship
of soil temperature to vegetation height J. Climatol. 4 229–40
Hardy J P, Melloh R, Koenig G, Marks D, Winstral A,
Pomeroy J W and Link T 2004 Solar radiation transmission
through conifer canopies Agric. For. Meteorol. 126 257–70
Johnstone J F et al 2016 Changing disturbance regimes, ecological
memory, and forest resilience Front. Ecol. Environ. 14 369–78
Juszczak R, Humphreys E, Acosta M, Michalak-Galczewska M,
Kayzer D and Olejnik J 2013 Ecosystem respiration in a
heterogeneous temperate peatland and its sensitivity to peat
temperature and water table depth Plant Soil 366 505–20
Kaiser C, Franklin O, Dieckmann U and Richter A 2014 Microbial
community dynamics alleviate stoichiometric constraints
during litter decay Ecol. Lett. 17 680–90
Kelliher F M, Leuning R and Schulze E D 1993 Evaporation and
canopy characteristics of coniferous forests and grasslands
Oecologia 95 153–63
Kellner E 2001 Surface energy fluxes and control of
evapotranspiratoin from a Swedish Sphagnum mire Agric.
For. Meteorol. 110 101–23
Kellner E and Halldin S 2002 Water budget surface-layer water
storage in a Sphagnum bog in Central Sweden Hydrol.
Process. 16 87–103
Kettridge N and Baird A J 2007 In situmeasurements of the
thermal properties of a northern peatland: implications for
peatland temperature models J. Geophys. Res. Earth Surf.
112 1–12
Kettridge N and Baird A J 2010 Simulating the thermal behavior
of northern peatlands with a 3-D microtopography J.
Geophys. Res. 115 G03009
Kettridge N and Baird A 2008 Modelling soil temperatures in
northern peatlands Eur. J. Soil Sci. 59 327–38
Kettridge N, Thompson D K, Bombonato L, Turetsky M R,
Benscoter B W and Waddington J M 2013 The ecohydrology
of forested peatlands: simulating the effects of tree shading
on moss evaporation and species composition J. Geophys.
Res. Biogeosci. 118 422–35
Kettridge N, Thompson D K and Waddington J M 2012 Impact of
wildfire on the thermal behavior of northern peatlands:
observations and model simulations J. Geophys. Res.
Biogeosci. 117
KirschbaumM U F 1995 The temperature dependence of soil
organic matter decomposition, and the effect of global
warming on soil organic C storage Soil Biol. Biochem.
27 753–60
Lafleur P M, Moore T R, Roulet N T and Frolking S 2005
Ecosystem respiration in a cool temperate bog depends
on peat temperature but not water table Ecosystems
8 619–29
Leonard R M, Kettridge N, Devito K J, Petrone R M,
Mendoza C A, Waddington J M and Krause S 2018
Disturbance impacts on thermal hot spots and hot moments
at the peatland-atmosphere interface Geophys. Res. Lett. 45
185–93
Leonard R M, Kettridge N, Krause S, Devito K J, Granath G,
Petrone R, Mendoza C and Waddington J M 2017 Peatland
10
Environ. Res. Lett. 16 (2021) 024002 R Leonard et al
bryophyte responses to increased light from black spruce
removal Ecohydrology 10 e1804
Lewis F J and Dowding E S 1926 The vegetation and retrogressive
changes of peat areas (‘Muskegs’) in Central Alberta Br. Ecol.
Soc. 14 317–41
Mccarter C P R and Price J S 2014 Ecohydrology of Sphagnum
moss hummocks: mechanisms of capitula water supply and
simulated effects of evaporation Ecohydrology 7 33–44
Mckenzie J M, Voss C I and Siegel D I 2007a Groundwater flow
with energy transport and water–ice phase change:
numerical simulations, benchmarks, and application to
freezing in peat bogs Adv. Water Resour. 30 966–83
Pebesma E 2012 Spacetime: spatio-temporal data in R J. Stat.
Softw. 51 7
Peters-Lidard C D et al 1998 The effect of soil thermal
conductivity parameterization on surface energy fluxes and
temperatures J. Atmos. Sci. 55 1209–24
Petrone R M, Devito K J, Silins U, Mendoza C, Brown S C,
Kaufman S C and Price J S 2008 Transient peat properties in
two pond-peatland complexes in the sub-humid Western
Boreal Plain, CanadaMires Peat 3 1–13
Rajic N 2002 Principal component thermography for flaw
contrast enhancement and flaw depth characterisation in
composite structures Compos. Struct. 58 521–8
Rietkerk M and Van de koppel J 2008 Regular pattern formation
in real ecosystems Trends Ecol. Evol. 23 169–75
Schneider F D and Kefi S 2016 Spatially heterogeneous
pressure raises risk of catastrophic shifts Theor. Ecol.
9 207–17
Sjörs H 1961 Surface patterns in boreal peatland Endeavour
20 217–24
Soudzilovskaia N A, Bodegom P M van and Cornelissen J H C
2013 Dominant bryophyte control over high-latitude soil
temperature fluctuations predicted by heat transfer traits,
field moisture regime and laws of thermal insulation Funct.
Ecol. 27 1442–54
Stoy P C, Street L E, Johnson A V, Prieto-Blanco A and Ewing S A
2012 Temperature, heat flux, and reflectance of common
subarctic mosses and lichens under field conditions: might
changes to community composition impact climate-relevant
surface fluxes? Arctic. Antarct. Alp. Res. 44 500–8
Taggart M J, Heitman J L, Vepraskas M J and Burchell M R 2011
Surface shading effects on soil C loss in a temperate muck
soil Geoderma 163 238–46
Turetsky M, Wieder K, Halsey L and Vitt D 2002 Current
disturbance and the diminishing peatland carbon sink
Geophys. Res. Lett. 29 7–10
Turunen J, Tomppo E, Tolonen K and Reinikainen A 2002
Estimating carbon accumulation rates of undrained mires in
Finland—application to boreal and subarctic regions
Holocene 1 69–80
Waddington J M, Morris P J, Kettridge N, Granath G,
Thompson D K D and Moore P A 2015 Hydrological
feedbacks in northern peatlands Ecohydrology 8 113–27
Wieder R K et al 2009 Postfire carbon balance in boreal bogs of
Alberta, Canada Glob. Chang. Biol. 15 63–81
Wullschleger S D, Cahoon J E, Ferguson J A and Oosterhuis D M
1991 SURFTEMP: simulation of soil surface temperature
using the energy balance equation J. Agron. Educ. 20 11–5
Yazaki T, Urano S-I and Yabe K 2006 Water balance and water
movement in unsaturated zones of Sphagnum hummocks in
Fuhrengawa Mire, Hokkaido, Japan J. Hydrol. 319 312–27
11
